Introduction
============

The 'fetal origins hypothesis\' suggests that malnourishment *in utero* changes fetal programming, whereby biological pathways are altered, resulting in increased susceptibility to disease. In 1986 Barker et al.[@b1] demonstrated an inverse relationship between birthweight and adult cardiovascular disease. Since then, numerous studies have evaluated the association between low birthweight and morbidity and mortality throughout the life course.[@b2]--[@b10] However, the results have not always been consistent.[@b11]--[@b14] The initial evidence for the Barker hypothesis has been criticised for failing to account for important potential confounders such as gestational age and socio-economic class, and as such is not universally accepted.[@b15]

A number of methods have been used to define low birthweight and to attempt to identify infants who may be at risk of subsequent adverse outcome, including population-based centile charts, the most commonly used threshold being the 10th centile;[@b16] customised charts where the mother\'s BMI and ethnicity are used to calculate individualised growth centiles;[@b17] and ponderal index, which takes into account the neonatal weight and length.[@b18],[@b19]

The aim of this systematic review was to re-examine the association between low birthweight and adverse outcomes, avoiding the confounding influence of prematurity, by strictly limiting study inclusion to infants of 37 weeks\' gestation or more. The findings of this review have been split into two papers. The first, focusing on neonatal outcomes (mortality and morbidity), has been published separately.[@b20] Birthweight tests were found to be strongly associated with neonatal mortality and morbidity, especially at lower absolute birthweight threshold. The current report focuses on examining the association between low birthweight at term and morbidity and mortality during childhood and adult life.

Methods
=======

Our methodology has been described in detail using the same data sources, search strategy and methodology as in our previous paper[@b20] and will not be repeated here. Instead we will highlight differences from the previous paper.

Only studies including morbidity diagnosed subsequent to the neonatal period are included in this report. Where morbidity diagnosed in infancy (\<1 year) was included, all conditions are permanent (e.g. cerebral palsy) and are assumed to be present through to childhood in survivors.

Meta-analysis was performed using composite and individual outcome measures. When the composite outcome measure was used, care was taken to ensure that each individual was only counted once in each analysis. Where multiple outcomes were reported, we selected the outcome most consistent with other studies; for example, in the childhood morbidity analysis, hypertension was the most commonly reported outcome therefore this was selected primarily, followed by other components of the metabolic syndrome.

Results
=======

As shown in Supporting Information [Figure S1](#SD2){ref-type="supplementary-material"}, after an initial search of 36 956 citations, we included 92 primary articles in the overall systematic review, of which 59 contained data relating birthweight standards to childhood or adult outcomes.[@b5],[@b8],[@b9],[@b12],[@b14],[@b21]--[@b74] Twenty of the 59 included were added after contact with authors who provided data or information.[@b12],[@b21]--[@b40] 2 600 383 individuals were included in the analyses reported in this manuscript. Details of the included studies are given in Supporting Information [Table S1](#SD1){ref-type="supplementary-material"}; a list of excluded studies is available from the authors on request. A total of 145 further articles were felt to contain potentially relevant data but either the authors could not be contacted or could not supply data to create 2 × 2 tables, or on clarification regarding the population the study was excluded. If the population was the same but the measure of growth restriction or adverse outcome differed, both studies were included, but care was taken not to include multiple studies reporting from the same population within a single meta-analysis, or within the overall count of the number of individuals included in the review.[@b39],[@b40],[@b43],[@b44],[@b48],[@b69]

The majority of studies used a population growth chart \<10th percentile (*n* = 21) or birthweight \<2.5 kg (*n* = 23) as the index test. A wide variety of outcome measures including mortality and morbidity (e.g. hypertension, diabetes mellitus, learning difficulties, cerebral palsy) were reported. For comparison, we grouped outcomes according to age, that is, childhood and adolescent (12 months to 18 years) and adult (\>18 years).

Childhood and adolescent outcomes
---------------------------------

A Forest plot for the association of measures of low birthweight with childhood and adolescent outcomes is given in Supporting Information [Figure S2](#SD3){ref-type="supplementary-material"}. Meta-analysis was performed to assess the association of birthweight \<2.5 kg with a composite group of adverse outcomes reported in primary studies (including obesity, hypertension, type 1 diabetes mellitus, asthma, hypercholesterolaemia, learning difficulties and strabismus). There was no significant association present (odds ratio \[OR\] 0.98, 95% confidence interval \[CI\] 0.87--1.10). A meta-analysis for birthweight \<10th centile on the population chart showed a small association that was just significant (OR 1.49, 95% CI 1.02--2.19); however, there was significant heterogeneity present. When limiting the composite outcome analysis to conditions associated with the metabolic syndrome (obesity, hypertension, hypercholesterolaemia) for birthweight \<2.5 kg the association remained non-significant (nine studies OR 0.97, 95% CI 0.84--1.18, *I*^2^ = 0) and for the population chart \<10th centile the association became non-significant (four studies OR 1.01, 95% CI 0.64--1.58, *I*^2^ = 54). When the analysis was restricted to learning difficulties or mental handicap, birthweight \<3rd centile on the population chart and \<10th centile both showed a weak but significant association. When individual outcomes were considered, there was no significant association between any measure of low birthweight and childhood obesity, hypertension, asthma, visual impairment or psychiatric diagnosis.

Adult outcomes
--------------

A Forest plot of odds ratios for the association of measures of fetal growth restriction and adult outcomes is given in Figure [1](#fig01){ref-type="fig"}. A meta-analysis was performed for the association of birthweight \<2.5 kg with a composite measure of adult morbidity (including obesity, hypertension, hypercholesterolaemia, type 2 diabetes mellitus, coronary heart disease, and polycystic ovarian syndrome). There was no significant association between birthweight \<2.5 kg or birthweight \<10th centile on the population chart with this composite outcome. Limiting the composite outcome analysis to conditions associated with the metabolic syndrome (obesity, hypertension, hypercholesterolaemia, coronary heart disease, type 2 diabetes) did not change the results. When individual morbidities were considered, birthweight \<10th centile according to the population chart was significantly associated with adult obesity in a single study (OR 1.86, 95% CI 1.20--2.88). Birthweight \<2.5 kg showed a weak association with hypertension, diabetes mellitus or impaired glucose tolerance and cardiovascular mortality. Ponderal index (kg/m^3^) \<24 was also weakly associated with mortality from cardiovascular disease. Childhood or adulthood end stage renal disease showed a significant association with birthweight \<10th centile on the population chart.

![Forest plot of odds ratios for the association between birthweight standards and adult outcomes.](bjo0122-0634-f1){#fig01}

Quality assessment
------------------

The results for the quality assessment are presented in Table[1](#tbl1){ref-type="table"}. The majority of included studies were of cohort design (88%) and most were retrospective studies (58%). Most studies were of high or moderate quality according to our pre-specified criteria. Studies often failed to describe adequately the test or outcome in a way that would make them reproducible, and very few studies described any interventions that were performed between the time of the birthweight measurement and the outcome test. Where possible, a subgroup analysis using only high quality studies was performed and the results are presented in Table[2](#tbl2){ref-type="table"}.

###### 

Methodological quality of studies included in systematic review of birthweight standards for childhood and adult outcomes

  Quality item                                  No. (%) of studies, *n* = 59             
  --------------------------------------------- ------------------------------ --------- ---------
  Cohort study design                           52 (88)                        7 (12)    0
  Population adequately described               59 (100)                       0         0
  Consecutive recruitment                       21 (36)                        11 (18)   27 (46)
  Prospective recruitment                       21 (36)                        34 (58)   4 (7)
  Appropriate outcome measure                   59 (100)                       0         0
  Outcome measure blinded                       10 (17)                        1 (2)     48 (81)
  \>90% of individuals had outcome measure      14 (24)                        40 (68)   5 (8)
  Index test and outcome measure described      34 (57)                        4 (7)     21 (36)
  Intervention between index test and outcome   4 (7)                          0         55 (93)
  **Quality classification**                                                             
  High                                          28 (46)                        --        --
  Medium                                        24 (41)                        --        --
  Low                                           8 (13)                         --        --

###### 

Subgroup analysis according to birthweight standard and outcome, where possible, for study quality, ethnicity, year of birth of study population and singleton population

  Birthweight standard              No. of studies                                             Subgroup                         Odds ratio (95% CI)   Estimated prediction interval (EPI)   *I*^2^, τ^2^
  --------------------------------- ---------------------------------------------------------- -------------------------------- --------------------- ------------------------------------- --------------------------
  **Childhood morbidity**                                                                                                                                                                   
  Birthweight \<2.5 kg              5[@b12],[@b22],[@b24],[@b25],[@b28]                        Singleton                        0.95 (0.63--1.44)     --                                    *I*^2^ = 0, τ^2^ = 0
  Birthweight \<2.5 kg              5[@b23],[@b25],[@b28],[@b32],[@b33]                        High quality studies             0.82 (0.63--1.07)     --                                    *I*^2^ = 0, τ^2^ = 0
  Birthweight \<2.5 kg              7[@b12],[@b24]--[@b26],[@b28],[@b32],[@b33]                Ethnicity \>90% White European   0.99 (0.68--1.44)     --                                    *I*^2^ = 0, τ^2^ = 0
  Population chart \<10th centile   4[@b8],[@b22],[@b63],[@b74]                                Singleton                        1.35 (0.82--2.24)     0.15--12.24                           *I*^2^ = 90, τ^2^ = 0.20
  Population chart \<10th centile   8[@b22],[@b30],[@b45],[@b56],[@b62],[@b63],[@b66],[@b74]   High quality studies             1.65 (0.96--2.83)     0.31--8.86                            *I*^2^ = 89, τ^2^ = 0.40
  Population chart \<10th centile   2[@b22],[@b30]                                             Year of birth ≥1990              0.67 (0.35--1.31)     --                                    *I*^2^ = 76, τ^2^ = 0.19
  Population chart \<10th centile   3[@b58],[@b63],[@b73]                                      Ethnicity White European         1.67 (1.40--1.98)     --                                    *I*^2^ = 0, τ^2^ = 0
  **Adult morbidity**                                                                                                                                                                       
  Birthweight \<2.5 kg              4[@b5],[@b23],[@b31],[@b36]                                Singleton                        1.41 (0.80--2.47)     0.14, 13.82                           *I*^2^ = 70, τ^2^ = 0.20
  Birthweight \<2.5 kg              2[@b31],[@b34]                                             High-quality studies             1.39 (1.14--1.69)     --                                    *I*^2^ = 0, τ^2^ = 0

Subgroup analyses
-----------------

The results for subgroup analyses within the meta-analysis groups for each age group and birthweight standard are presented in Table[2](#tbl2){ref-type="table"}. When childhood morbidity was considered, there was no significant association between birthweight \<2.5 kg or the population chart \<10th centile in any of the subgroups analysed. There was a significant association between birthweight \<2.5 kg and adult morbidity when high-quality studies were considered (OR 1.39, 95% CI 1.14--1.69); however, only two studies were included in this analysis.

Predictive ability of standards of low birthweight to predict childhood and adult outcomes
------------------------------------------------------------------------------------------

Only two measures of low birthweight met our pre-specified criteria for calculation of predictive values for childhood morbidity. Customised chart \<1st centile had a high specificity (0.99; 95% CI 0.97--1.00) but poor sensitivity (0.06; 95% CI 0.04--0.11) for childhood cerebral palsy.[@b49] A customised chart \<5th centile had a specificity of 0.90 (95% CI 0.87--0.93) and a sensitivity of 0.25 (95% CI 0.19--0.31) for the same outcome.[@b49] The positive likelihood ratio was 5.6 (95% CI 2.04--15.34) for \<1st centile and 2.57 (95% CI 1.78--3.72) for \<5th centile. The corresponding negative likelihood ratios were 0.95 (95% CI 0.91--0.98) and 0.83 (95% CI 0.77--0.90).

Birthweight as a continuous variable
------------------------------------

Seven papers reported regression analysis using birthweight as a continuous outcome.[@b9],[@b12]--[@b14],[@b26],[@b28],[@b47] These studies looked at adult hypertension (age 50 and 60 years) and hypercholesterolaemia, childhood obesity and hypertension, and composite childhood metabolic risk index. Only one found a significant association. Andersson et al.[@b9] performed logistic regression to examine the association between birthweight and hypertension (defined as treatment for hypertension and/or systolic BP ≥160 mmHg and/or diastolic BP \>95 mmHg). At age 60, the OR was 0.96 (95% CI 0.92--0.99, *P* = 0.028 for change in risk of hypertension per 100 g birthweight).

Direct comparison of absolute versus population centiles
--------------------------------------------------------

Only one study compared two birthweight standards in the same population. For type 1 diabetes in childhood, birthweight \<2.5 kg had an OR of 0.68 (95% CI 0.22--2.12), and a population chart \<10th centile an OR of 0.46 (95% CI 0.26--0.82).[@b22]

Publication bias
----------------

The Peters test was performed where there were ten or more studies included in the meta-analysis (population \<10th centile and childhood morbidity and birthweight \<2.5 kg for the same outcome). There was no statistically significant small study effect in either of the groups analysed (*P-*value 0.326--0.996).

Discussion
==========

Main findings
-------------

For outcomes in childhood, there was a significant association between birthweight \<10th centile according to population chart and a composite measure of morbidity. However, when this analysis was restricted to a singleton population, or for metabolic outcomes, it became non-significant. When individual measures were considered, there was no significant association between any measure of low birthweight and childhood obesity, hypertension or asthma. For adult outcomes, there was no consistent association seen between birthweight standards and adult health, although individual studies showed a weak association between birthweight \<2.5 kg and hypertension, cardiovascular mortality and diabetes. The predictive ability of customised centile charts (\<1st centile and \<10th centile) for childhood cerebral palsy was calculated. The likelihood ratios indicated that both were poor tests.[@b75]

Our analysis for the relationship between birthweight standards and neonatal outcomes has already been published.[@b20]

Strengths and limitations
-------------------------

This review provides the best available evidence, at the time of writing, regarding the association between different measures of low birthweight at term and adverse outcomes. No other review has attempted to compare different definitions of low birthweight to inform clinical practice. The strength of our review and the validity of our inferences lie in the methodology used. We have complied with existing guidelines for the reporting of systematic reviews of diagnostic and observational studies.[@b76],[@b77] We have used the most up-to-date techniques for performing and interpreting meta-analysis.[@b78]--[@b80] Every effort was made to obtain the most complete data set possible through contact with authors and experts in the field.

There are several limitations to our review. Although every effort was made to control for potential confounding factors through subgroup analysis, due to the quality and reporting of the primary studies this was not always possible. We strictly limited our review to infants born at 37 weeks\' gestation or more; however, the method of estimating gestation in the primary studies was often inaccurate. Very few studies used ultrasound measurement of crown--rump length at 10--13 weeks\' gestation, which is the most accurate method.[@b81] Due to poor reporting in the primary studies, our ability to perform subgroup analysis according to ethnicity was limited. Although our results did not differ much when limited to a White European population, it is known that Black African or Caribbean and Asian populations have smaller babies, and therefore it is likely that the same thresholds would not give the same results in all ethnic backgrounds.[@b82] We did not analyse according to social class; however, previous epidemiological studies that have accounted for this have found that the association between birthweight and cardiovascular risk factors persisted across social groups, suggesting that known and unknown confounding variables do not affect this relationship.[@b83]

Comparing different standards of birthweight through analyses using different populations may not give a true result. However, no studies reported more than two standards in the same population, and only one study compared absolute birthweight and population centile charts, in which neither showed a significant association, limiting our ability to deal with this issue. Unfortunately, no meta-analysis was possible for certain birthweight standards or outcomes, for example, the ponderal index, or customised centile charts.

With regard to the outcomes examined, we recognise that our age categories were very broad and that the risks and severity of the conditions differ across the life course. However, due to the nature of the reporting in the primary studies it was not possible to examine this further with the data available. We did not restrict the outcomes included, but we found that some health outcomes, such as cancer, were poorly represented in the included studies. However, we are confident that our searches were robust and that nothing further could have been done to address this.

Interpretation
--------------

There is a vast literature exploring the relationship between low birthweight and adverse outcomes, using different methodologies to do so. Other systematic reviews performed in this field using birthweight as a continuous variable have shown mixed results. Owen et al.[@b35] examined the association between birthweight and blood cholesterol level, and found a weak association; however, this analysis did not exclude pre-term infants. Huxley et al.[@b2] found an inverse association between birthweight and systolic blood pressure in children, adolescents and adults, but again did not exclude pre-term infants from the analysis. Whincup et al. found mixed results in the relationship between type II diabetes mellitus and birthweight. Nine of 31 studies included in their systematic review showed a significant inverse relationship between birthweight and this outcome but again, prematurity was not excluded.[@b84]

The original literature published in support of the Barker hypothesis has been criticised for failing to control for potential confounding factors within their analysis, including prematurity.[@b15] We have made every effort to consider these, and the findings with regard to childhood and adult health outcomes linked with the metabolic syndrome have been inconsistent. Where a composite outcome was used, no significant association with childhood or adult morbidity was seen. No significant association was present for childhood diabetes, hypertension or obesity. Weak associations were seen between birthweight and adult hypertension, diabetes and cardiovascular mortality, but the results are based on one or two studies.

While low birthweight is significantly associated with neonatal mortality and morbidity,[@b20] the associations between all measures of low birthweight assessed and childhood and adult health outcomes were inconsistent. Where a significant association was present, no single measure of low birthweight appeared superior to the others examined to recommend their use, and for the two standards where sensitivity, specificity and likelihood ratios were calculated, the predictive value was low. This highlights that current birthweight standards are poor predictors of adverse childhood and adult outcomes. Considering childhood cerebral palsy as an example: the prevalence of this condition is 1--2.4 per 1000 in children born at or near term.[@b85] Using the positive likelihood ratio 5.6 (for birthweight on customized chart \<1st centile to predict this outcome), the odds of a baby with a birthweight under this centile developing cerebral palsy are 0.0024 × 5.6 = 0.013, that is, 1%. The negative likelihood ratio is 0.95, therefore being born above this centile does not significantly change the risk in comparison with the background prevalence.

Future research is necessary to identify a birthweight standard which can predict adverse health outcomes. First, it is important to compare the different standards across the same population to enable an unbiased comparison, and to further explore the standards which were less frequently reported. This could be performed through individual patient data meta-analysis, where multiple definitions of fetal growth restriction could be compared across the same population, and factors such as ethnicity more adequately assessed.[@b86] Another option would be to perform further analysis on the large Scandinavian birth registries, which record a variety of birth anthropometry that can be linked to health outcomes.[@b87] If a standard with high predictive ability is not identified, then birthweight in combination with other factors should be explored to predict adverse outcome in clinical practice. Future research in this field should consider and adequately report potential confounding factors, including prematurity. The importance of improving the quality of prognosis research has recently been highlighted.[@b88]

Conclusion
==========

None of the current definitions of low birthweight has a good enough predictive ability for adverse outcome to recommend their superiority in clinical practice. Although the association between low birthweight and neonatal mortality is strong, the association between low birthweight and childhood and adult morbidity is inconsistent. Further research, as outlined above, is required to identify the optimum definition of low birthweight that can predict adverse outcomes.
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**Table S1.** Characteristics of studies included in systematic review of low birthweight standards and childhood and adult outcomes.
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**Figure S1.** Study selection process for systematic review of the prognostic and predictive ability of current birthweight standards for short and long term outcomes.
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**Figure S2.** Forest plot of odds ratios for the association between birthweight standards and childhood outcomes.
